In order to investigate the effects of water current impact and fluid-structure interaction on the bridge piers, the mechanism of water flow impact on the bridge pier is firstly studied. Then a finite element model of a bridge pier is established including the effects of water flow impact as well as the water circumferential motion around the pier. Comparative study is conducted between the results of water impact effect, fluid-structure coupling effect, theoretical analysis, and also the results derived using the formulas specified in the design codes home and abroad. The results show that the water flow force calculated using the formulas provided by the codes should be multiplied by an impact amplifier to account for the effect of flood impact on the bridge pier. When the flood flows around the pier, the fluid-structure coupling effect on the bridge pier can be neglected. The method specified in the China guidelines of General Code for Design of Highway Bridges and Culverts tends to provide a larger result of the water flow force.
Introduction
Over the last 30 years, a lot of bridges were damaged by the flood, such as the Schoharie Creek Bridge [1] in New York damaged in 1987, the Hatchie Bridge [2] in Tennessee damaged in April 1989, and the Hintze Ribeiro Bridge [3] in Portugal damaged in 2001. Damage of these bridges can all be attributed to or partially attributed to destabilization of the bridge pier. Generally, a great majority of bridges are built across rivers, and routinely the water flow force on the pier is calculated using the methods specified in the design codes. When the rainstorm comes, the pier is not submerged in water in the downstream side at the moment of the flood impacting the pier, and the water flow force on the pier at the very moment cannot be determined using the methods provided by the design codes, since the methods only apply to the case of flood flowing around the pier. In most cases, the pier is impacted by the flood in a small range of heights; hence the impact effect and the fluid-structure coupling effect of the flood have a lower influence on the static analysis of the bridge pier. But when the bridge pier is transiently impacted by the flood over a large range of heights, for example, a river bridge encountered by a catastrophic flood, or an inshore bridge struck by a large tidal current, or a bridge pier in the deep water attacked by big waves; it is necessary to investigate whether the impact effect and the fluid-structure coupling effect can be neglected. In the design code of bridges, it is stipulated that the automobile shock effects need to be considered while computing the vehicle loading, whereas the impact effects of water are not such elaborately specified. The impact effects of fluids are more widely studied in the field of tubes and pumps [4] [5] [6] [7] [8] [9] [10] [11] , where they are called line shock or water hammer. However, in the field of bridge engineering, few research efforts are made to examine the potential destructive effect of the water flow pressure on the pier [12, 13] .
Many references can be found in literature with regard to the investigation of wave or wave current forces on cylinders. For the calculation of wave current forces on single pile, the commonly used formula is the Morison equation, in which the hydrodynamic coefficients and can be determined by the KC parameter calculated under the wave and current conditions. Li [14] discussed the normalization of the hydrodynamic coefficients in the Morison equation. Sundar et al. [15] gave a detailed review on the hydrodynamics of slender piles and the variations of the hydrodynamic coefficients with the KC parameter. But for the wave current forces on pile groups, only simple combinations as tandem and parallel arrays of two or three piles were investigated. The Chinese Code of Hydrology for the Design of Sea Harbor [16] gave the specification of group effective factor for bi-and tripile groups. On the basis of foundation designed for the East Sea Bridge, Y. C. Li and G. W. Li [12] experimentally investigated the wave current forces on oblique piles considering the effect of the super structures, and Lan et al. [17] gave the experimental results for the effect of hydrodynamic forces on pile array and slab in wave current combinations. Except for the wave current forces on the base foundation, the scour around the structures is another problem for engineering design [3, 18] . Based on qualitative analysis of the mechanism of water flow transient impact on the bridge pier, finite element models are established, and the impact effect and the fluidstructure coupling effect of the flood on static analysis of the bridge pier are investigated. The results including the fluidstructure coupling effect are compared with those obtained from calculation using formulas specified in design codes home and abroad. The paper is devoted to providing a reliable reference for further research and practical engineering.
Action Mechanism of the Water Current Loads on the Bridge Piers
When the flood impacts the bridge pier, the other investigated topic is that the calculation of dynamic response and flow current pressure taking fluid-structure interaction into account. Miquel and Bouaanani [19] proposed a practical formulation to investigate the dynamic response of structures laterally vibrating in contact with water on one or both sides and developed simplified procedures for practical assessment of the vibration periods, hydrodynamic loads, and seismic response of structure-water systems including higher mode effects. However, relatively few systematic investigations have been carried out on the pier with water flow pressure considering impact effect, especially taking fluid-structure interaction into account. When the flood impacts the bridge pier, the impact process on the pier caused by the flow can be disintegrated into two parts: the moment impact that flood impacts the bridge pier and the motion that water flows around the pier after the moment impact.
The flowing velocity of the flood will be rapidly influenced when flow impacts pier. Due to lack of constraint, most of water will flow forward along the walls of two sides of pier, but part of water will stop flowing or even flow backward because of being obstructed by pier, as shown in Figure 1(a) . Therefore, at the moment of which flow impacts pier, the moment impact effect, as "water hammer effect, " which is far larger than the effect of static fluid pressure, will be generated on the pier.
After the flood impacts the bridge pier, water always flows around the pier, as shown in Figure 1 (b). The positive side of pier bears higher pressure, and the back side of pier bears lower pressure. The dynamic water pressure is induced by these pressure differences around the pier. The structure generates vibration and deformations because of this dynamic water pressure, and the fluid field will be influenced by the motional pier; the distribution and magnitude of dynamic water pressure are changed accordingly.
If the fluid reflection waves induced by the flood are neglected, the flow current load on the piers is equivalent to the summation of the impact effect, the dynamic water pressure, and the static water pressure, where the dynamic water pressure is generated by the water flowing around the pier, as shown in Figure 1 .
The flowing velocity of the flood is always quite large, ranging between 4 m/s and 15 m/s. Traditionally, a current with its velocity ranging above 15 m/s∼20 m/s can be deemed to be a high-velocity flow, and, therefore, the problem of the flood impacting the bridge pier still belongs to the research field of low-velocity flow, where the classical hydromechanics theory can be applied. In this paper, in order to investigate the impact effect of the flood on bridge pier, it is assumed that all the bridge piers are not submerged in the water before the flood comes.
Construction of FEM Models

Numerical Calculation Method considering Fluid-Structure Coupling Effect.
The problem that fluid impacts structure is typical two-way fluid-structure interaction (FSI) problem. The structure will generate vibration and deformations because of dynamic loads induced by fluid flowing; meanwhile the fluid field will be influenced by the motional pier; the distribution and magnitude of fluid loads will be changed accordingly. CFX is computational fluid dynamics software integrated with ANSYS. A fluid-structure coupled model is built up by finite element method. And the vibration response of structure is calculated by the ANSYS combined with CFX. The flow of the CFX-ANSYS two-way FSI analysis is shown in Figure 2. 
Construction of FEM Models.
In order to study the behavior of the bridge pier under the dynamic fluid-pier coupling effect, comparative models are established. The bridge pier is a cantilever column with the bottom fixed and the top free. The circular pier is = 10.0 m in height, with a sectional radius of = 1.0 m. With regard to the material properties of the bridge pier, the mass density is 1 = 2400 kg/m 3 , the elasticity modulus is = 3.0 × 10 10 Pa, and the Poisson ratio is = 0.2. As concerns the properties of the water body flowing around the pier, the mass density is 2 = 1000 kg/m 3 and the sonic velocity under the water is ] = 1460 m/s. The geometric dimensions of the dynamic water body around the bridge pier are 80 m long and 20 m wide, with a varying height ranging from 1/4 to 8/8 , where the varying increment is defined as 1/4 . Changing the water flow velocity, the impact effect under different velocities can be investigated. In the paper, the water flow velocity is set as = 1.0∼15.0 m/s, with a varying increment of 1.0 m/s. Initial flow velocity is defined at the inlet of the flow field, and the relative static pressure is set as zero at the outlet and opening of the flow field. The variables transferred by fluid-structure coupling effect and the movement of mesh grids are recorded at the interface between the bridge pier and the flow field. Both side surfaces of the flow field are defined as symmetric boundary conditions, while the wall of the flow field is defined as sliding wall, as shown in Figure 3 .
The models of pier and external water are constructed by ANSYS software, as shown in Figure 4 . Solid45 structure finite elements (3D solid45 element with 8 nodes and 24 degrees of freedom) are used to simulate pier. Fluid30 fluid finite elements (3D element with 8 nodes) are used to simulate external water. For fluid elements that are in contact with the pier element, be sure to use KEYOPT(2) = 0, the default setting that allows for fluid-structure interaction, which results in unsymmetric element matrices with UX, UY, UZ, and PRES as the degrees of freedom. For all other fluid elements, set KEYOPT(2) = 1, which results in symmetric element matrices with the PRES degree of freedom. Fluid130 elements, which are infinite fluid elements, are used to simulate the fluid meshes at outer most layer.
Analysis of Water Flow Pressure on the Bridge Pier
The Moment Impact Effect of the Coupled Fluid-Structure
System. The maximum displacement at the top of the bridge pier, and the maximum stress at the bottom section of the bridge pier are investigated. Figure 5 shows the variation of the impact amplification coefficient (IAC) with respect to the flow velocity, where the IAC is defined as the ratio of the numerical response of the bridge pier under the water flowing pressure considering the fluid-structure coupling effect and the impact effect when the flood impacts the bridge pier in a transient state, to the theoretical response of the bridge pier under the water flowing pressure excluding the impact effect.
It can be found in Figure 5 that (1) taking the displacement and the stress as investigation quantities the IAC tends to increase to some extent and then decrease, when the flood flow velocity increases gradually; (2) the maximum IAC decreases when the ratio of the pier depth submerged in the flood to the total height of the pier (S-ratio) increases; (3) when the S-ratio increases, the flood flow velocity corresponding to the maximum IAC is also increasing; (4) velocity tend to flatten, when the S-ratio increases. It can be seen that the IAC has a close relation with the flood flowing velocity and the S-ratio.
Influence of Fluid-Structure on the Dynamic Water Pressure after the Moment Impact.
To further investigate the influence of fluid-structure coupling effect on the water flow pressure applied to the bridge pier when the flood impacts the pier in a stable state, the maximum displacement at the top of the bridge pier and the maximum stress at the bottom section of the bridge pier are considered as investigation quantities. Figure 6 shows the variation of the fluid-structure coupling effect coefficient (F-Sc) with respect to the flow velocity, where the F-Sc is defined as the ratio of the numerical response of the bridge pier under the water flowing pressure considering the fluid-structure coupling effect when the flood impacts the bridge pier in a stable state, to the response of the bridge pier under the water flowing pressure excluding the fluid-structure coupling effect. The following can be found from Figure 6 . (1) When the Sratio is not larger than 1/2, the F-Sc decreases as the flood flow velocity increases; when the flood flowing velocity reaches 6.0 m/s, the F-Sc trends towards a stable constant with a value of about 1.1. (2) When the S-ratio is not smaller than 1/2 and the flood flowing velocity is not larger than 4.0∼6.0 m/s, the F-Sc increases to a maximum value as the flood flowing velocity increases. Under this case, when the S-ratio equals ℎ/ = 0.75, the F-Sc reaches a maximum value of 1.19 6 Mathematical Problems in Engineering 
1.5
Square pier
1.33
1.55
Wedge-shaped pier 0.8
Rectangular pier
1.3
Rectangular pier
1.47
1.5
Notes: [1] in AASHTO, longitudinal resistance is defined as the product of the water flow pressure and the projected area of the bridge pier with respect to the water flow direction.
[2] In Load Code, the shape resistance coefficient of bridge pier should be multiplied by an influence factor and when the S-ratio equals ℎ/ = 1.0, the F-Sc reaches a maximum value of 1.15. When the S-ratio is not smaller than 1/2, and the flood flowing velocity is larger than 4.0∼6.0 m/s, the F-Sc decreases as the flood flowing velocity increases and finally trends towards a stable constant. Under this case, when the S-ratio equals ℎ/ = 0.75, the F-Sc reaches a maximum value of 1.1 and when S-ratio equals ℎ/ = 1.0, the F-Sc reaches a maximum value of 1.06. Based on these conclusions, it is found that the fluid-structure coupling effect has a low influence on the analytical results and, therefore, can be neglected when static analysis is performed on the bridge pier.
Comparison of the Numerical Results with
Those of Code Methods
Calculation Methods for Determination of the Water
Pressure in the Design Codes. Calculation methods for determination of the water flow pressure are specified in various codes at China and abroad. [23] . It can be seen from Table 2 that the calculation methods in various codes for determination of the water flow force are similar to each other. The formulas used in these codes are similar in formulation and the symbols in these formulas also have similar meanings, only with an exception that the values of the shape resistance coefficient of bridge pier vary with each other. Taking the circular column pier as an example, the value of the shape resistance coefficient of bridge pier is defined as 0.7 in AASHTO, and the values are 0.8, 0.73, and 0.73, respectively in General Code, Fundamental Code, and Load Code. Although the values are the same in Fundamental Code and Load Code, it is stipulated in the Load Code that this value should be modified by an influence factor 2 , which accounts for the effect of the water depth. It is found that the value of the shape resistance coefficient of bridge pier is the largest in General Code under the same water flow velocity. Figure 7 .
Comparison of the Numerical Results with
From Figure 7 , it can be seen that the water flow pressure provided by the General Code is the largest, and the results provided by the Fundamental Code and AASHTO are second and third largest, respectively, and the smallest result is derived by using the method stipulated in the Load Code. The analytical result considering the fluid-structure coupling effect ranges between the results provided by AASHTO and Load Code. It seems that the calculation method provided by the General Code is conservative when it is applied in bridge design.
Conclusions
From the comparative analysis, the following conclusions can be derived for further research and practical reference.
(1) When the flood impacts the bridge pier in a transient state, the response of the bridge pier under the water pressure should be modified by an impact amplification coefficient, which varies with the flood flow velocity and the ratio of the pier depth submerged in the flood to the total pier height.
(2) The influence of fluid-structure coupling effect can be neglected, when static analysis is performed on the bridge pier around which the flood flows in a stable state. 
